Foraminifera and radiolarians are closely related amoeboid protists (i.e., retarians) often characterized by their shells and pseudopodia. Previous studies hypothesized that the unusual "Type 2" b-tubulin (b2) is critically involved in forming helical filaments (HFs), a unique microtubule (MT) assembly/disassembly intermediate found in foraminiferan reticulopodia. Such noncanonical b-tubulin sequences have also been found in two radiolarian species and appear to be closely related to the foraminiferan b2. In this study, we report 119 new b-tubulin transcript sequences from six foraminiferans, four radiolarians, and a related non-retarian species. We found that foraminiferan and radiolarian b2-tubulins share some of the unusual substitutions in the structurally essential and usually conserved domains. In the b-tubulin phylogeny, retarian b2-tubulin forms a monophyletic clade, well separated from the canonical b-tubulin (b1) ubiquitous in eukaryotes. Furthermore, we found that foraminiferan and radiolarian b2-tubulin lineages were under positive selection, and used homology models for foraminiferan a-and b-tubulin hexamers to understand the structural effect of the positively selected substitutions. We suggest that the positively selected substitutions play key roles in the transition of MT to HF by altering the lateral and longitudinal interactions between a-and b-tubulin heterodimers. Our results indicate that the unusual b2-tubulin is a molecular synapomorphy of retarians, and the b-tubulin gene duplication occurred before the divergence of Foraminifera and radiolarians. The duplicates have likely been subjected to neofunctionalization responsible for the unique MT to HF assembly/disassembly dynamics, and/or other unknown physiological processes in retarian protists.
Introduction
Foraminifera (forams) and radiolarians are primarily testate or skeletonized amoeboid protists that possess characteristic pseudopodia. Both are widely distributed in polar, subtropical, and tropical oceans, and forams have also been found in freshwater and terrestrial habitats. They are major groups of microfossils and important players in aquatic ecosystems as primary producers, grazers, and carbon exporters. Molecular phylogeny supports the hypothesis that forams and two main groups of radiolarians, the strontium sulfate skeleton-bearing Acantharea and the opaline silica-bearing Polycystinea, form the monophyletic clade Retaria (Ishitani et al. 2011; Sierra et al. 2013) . Together with the extraordinarily diverse Cercozoa, they comprise one of the six supergroups of eukaryotes, the Rhizaria (Moreira et al. 2007; Ishitani et al. 2011) . Recent single and multigene phylogenetic studies suggest that the third traditional group of radiolarians, the Phaeodarea, are members of Cercozoa but not of the Retaria (Nikolaev et al. 2004; Yuasa et al. 2005; Sierra et al. 2013 ). We use the term "radiolarians" as Acantharea and Polycystinea herein.
A characteristic structural feature of Rhizaria is their pseudopodia. Forams possess reticulopodia, which are networks of branching and anastomosing granuloreticulose pseudopods that can rapidly extend, bend, and retract (reviewed in Travis and Bowser 1991; Bowser and Travis 2002) . Reticulopodia are involved in many life processes of forams, especially the efficient exploration of environments for food and other resources. Radiolarians are characterized by axopodia, which are rigid, ray-like projections stiffened by highly patterned microtubule (MT) bundles or axonemes (reviewed in Anderson 1983) . Axopodia assist in floating and are mostly responsible for phagocytosis by rapid retraction upon contact with prey. Radiolarians also possess other types of pseudopodia, e.g., thread-like filopodia and branching rhizopodia; the latter are thought to be analogous to foram reticulopodia (reviewed in Anderson 1983; Suzuki and Aita 2011) . Cercozoans are often able to form filopodia or axopodia (in Phaeodarea), but their pseudopodial systems are generally less elaborated than those of retarian protists (reviewed in Hausmann et al. 2003) .
MTs play an integral role in reticulopodial and axopodial motility and structure (Anderson 1983; Travis and Bowser 1991 and references therein) . MTs are hollow cylinders typically composed of 13 protofilaments that are linear ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com assemblies of a-and b-tubulin (a-b) heterodimers. They constitute one of the major components of the cytoskeleton and are required for many essential processes in eukaryotic cells, such as maintaining cell structure, intracellular transport, forming the mitotic spindle, and ciliary and flagellar motility. Remarkably, in the single-chambered foram Allogromia spp. and the freshwater naked foram Reticulomyxa filosa, it has been found that reticulopodial MT can transform into a unique helical filament (HF) form-continuous ribbons of laterally connected a-b dimers (Hauser and Schwab 1974; McGee-Russell 1974; Rupp et al. 1986; Hauser et al. 1989; Brueker and Hauser 1997; Welnhofer and Travis 1998) .
A highly unusual "Type 2" b-tubulin (Linder et al. 1997; Habura et al. 2005) , referred here as b2, has been found co-expressed with the canonical type b-tubulin (b1) in R. filosa (Linder et al. 1997) . Recently, b2 was identified in several other foram genomes (Habura et al. 2005) , as well as four radiolarians (one acantharean and three polycystine species) (Burki et al. 2010; Ishitani et al. 2011) . Compared with canonical b1, foram b2 is characterized by a unique insertion in the H1-B2 loop and many unusual substitutions in the typically conserved M loop as well as other domains (Habura et al. 2005) . It was hypothesized that the unusual substitutions in b2 domains strengthen the lateral contacts, relative to longitudinal interactions, between adjacent a-b dimers, effecting the rapid transition from conventionally understood MT structure to HF (Habura et al. 2005) .
In this study, we analyzed the multicopy b-tubulin sequences obtained from transcriptomic data of Foraminifera, radiolarians, and Cercozoa, and other rhizarian sequences available in GenBank, and studied the unique evolution of b1 and b2 paralogs in retarian protists. We detected positive selection in the b2 lineage and explored its significance in neofunctionalization based on retarian MT and HF structural models. Our results will lead to a better understanding of the molecular basis of the retarian MT and HF assembly/disassembly processes.
Results

Rhizarian b-Tubulin Transcript Sequences
We report 34 new b-tubulin transcript sequences in six forams (Ammonia sp., Brizalina sp., Bulimina marginata, Globobulimina turgida, Nonionellina sp., and R. filosa) (KF170429-KF170462), 79 in four radiolarians (Amphilonche elongate, Astrolonche serrata, Collozoum sp., and Phyllostaurus siculus) (KF170463-KF170541), and 6 in one phaeodarean (Aulacantha scolymantha) (KF170542-KF170547). Reticulomyxa filosa and G. turgida sequences are contigs of Sanger sequences and the others are isotigs of 454 pyrosequencing data.
Rhizarian b-Tubulin Phylogeny Rhizarian b-tubulin protein phylogenetic analysis ( fig. 1) shows a clear distinction between the b1-tubulin found in seven forams and six radiolarians (two acantharean and four polycystine species), and the b2 in 21 forams and seven radiolarians (three acantharean and four polycystine species). Within a single species, b1 and b2 both occurred in multiple polymorphic copies (except for Collozoum sp. b2 KF170531). The highest copy number (47 b1 and 13 b2 unigene copies) was found in Ast. serrata, in which the highest total number of reads was sequenced (337,982 assembled reads) (Sierra et al. 2013) . These unigene copy numbers might be slightly overestimated due to potential sequencing and assembly errors in next generation transcriptomic sequencing. The b1 in the major groups within Rhizaria (i.e., Foraminifera, radiolarians, and Cercozoa) appear to be polyphyletic, and few of the nodes above species level are strongly supported by bootstrap analysis. The global b-tubulin phylogeny including other groups of eukaryotes shows that even rhizarian b1 is a polyphyletic clade (supplementary fig. S1 , Supplementary Material online). However, the b2 sequences in Foraminifera, Acantharea, and Polycystinea all appear in well-supported monophyletic clades (95-98%). B2-tubulin was not found in the phaeodarean Aul. scolymantha, Gromia sp., or other cercozoan data sets. Two hypothetical b-tubulin sequences derived from the acantharean P. siculus (KF170534 and KF170535) branch between the base positions of the b1 and b2 clades (supplementary fig. S1 , Supplementary Material online). They do not contain most of the signature substitutions found in foram b2 (as described in Habura et al. 2005) and are only 52.9-53.7% and 53.4-54.2% identical to P. siculus b1 and b2, respectively, and thus were excluded in this rhizarian b1 and b2 analysis.
Retarian b2-Tubulin Is Under Positive Selection An excess of nonsynonymous substitutions relative to synonymous substitutions (dn/ds or ! > 1) in the b2 lineage is an important indicator of positive selection (i.e., new advantageous genetic variants were preferred at certain regions). We analyzed rhizarian b-tubulin sequences using codonsubstitution models in the program PAML4.5 (Yang 2007) and detected that foram and radiolarian b2 lineages both contain positively selected sites (P < 0.01). These analyses used the alignment of all rhizarian sequences and alignments with fewer highly similar sequences (mainly intraspecific sequences) reduced to 95% and 90% identity levels. The likelihood ratio test (LRT) statistics were consistently significant among multiple analyses (LRT = 8.87-8.65 and 11.07-14.15 for foram and radiolarian b2, respectively; df = 1). The positively selected amino acid sites detected on b2 proteins (especially those with highest probabilities) were largely similar among multiple analyses (supplementary file S1, Supplementary Material online). Interestingly, foram and radiolarian b2 share five selected sites, but the sites with highest probabilities are different and unique to their own group: 184 Val in foram b2 (based on R. filosa b2 CAA65332) and 179 Val in radiolarians (based on Sphaerozoum punctatum b2 BAK61745). These two most favored substitutions occupy different positions in the alignments (eight amino acids apart) and both replaced a Thr in bovine b-tubulin or retarian b1-tubulin with a Val. 
Homology Model for the Foram Tubulin Hexamer
Longitudinal and lateral a-and b-tubulin dimer-dimer interactions in MTs in the foram R. filosa can be examined using a hexamer homology model ( fig. 2A) , which was generated using atomic models for bovine MTs based on a published 8 Å cryo-electron microscopy density map (Sui and Downing 2010) . Three foram positively selected residues that are likely implicated in dimer-dimer interactions, 184Val, 297Asp, and 302Ser, are highlighted on the MT hexamer and HF tetramer structures ( fig. 2A and B) . The residue 184Val is adjacent to two dimer-dimer interaction sites (185Val and 187Glu) and two GTP-binding sites (186Val and 187Glu) annotated in the NCBI Conserved Domain Database (PSSMID 100016). The substitutions at 297Asp and 302Ser substantially alter side chain chemical properties of these residues and are also within 5 Å of neighboring protofilaments.
Discussion
This study shows the first convincing evidence that both canonical b1-tubulin and highly divergent b2-tubulin are preserved in forams and radiolarians. Since their discovery in the foram R. filosa (Linder et al. 1997) , two b-tubulin paralogs have also been found in three radiolarians (Ishitani et al. 2011 ), but only b2 have been recovered in other forams (Habura et al. 2005) . In this study, 21 foram b1 sequences were revealed by whole transcriptomic sequencing of five Rotaliida species and R. filosa, confirming that b1 had not been lost in these forams and likely other foram lineages as well. The global b-tubulin alignment confirms that foram and radiolarian b1 are canonical eukaryotic b-tubulin sequences, whereas their b2 are dramatically modified in many structurally important regions (e.g., the loops analyzed in Habura et al. 2005) . In most of the modified regions (e.g., H9 and H9-B8), radiolarian b2 share some of the signature foram-type substitutions, whereas radiolarian b2 were almost uniquely modified in some regions (e.g., the M loop). This indicates that radiolarian b2 might carry different or additional functionality for this group of protists. Our investigation failed to identify any noncanonical b-tubulin in non-retarians, even among other members of the Rhizaria. For example, Aul. scolymantha is a member of Phaeodarea, a group previously classified among radiolarians, but shown to be related to Cercozoa by molecular evidence (Nikolaev et al. 2004; Sierra et al. 2013) . In this species, we only found six b1 sequences and no b2 among over 65,000 assembled contigs. The absence of b2 in Aul. scolymantha and other cercozoans suggests that b2 is a synapomorphic feature of Retaria. Given the lack of candidate homologous b2 sequences in our taxon-rich b-tubulin data set, the b-tubulin duplication event most likely occurred within Rhizaria, before the divergence of forams and radiolarians.
The b1-tubulin protein is poor in resolving relationships within Rhizaria. The well-defined rhizarian groups, Foraminifera, radiolarians, and Cercozoa, appear to be polyphyletic, and even some sequences from the same species are polyphyletic (e.g., G. turgida, Nonionellina sp., Aul. scolymantha, Massisteria marina, Collozoum sp.). Because rhizarians are predominantly composed of yet uncultivable species, their genomic studies rely on field-collected specimens that may contain other coexisting organisms, e.g., prey or symbionts. Therefore, we do not exclude the possibility that some of the polyphyletic b1 sequences in the current and previous studies might actually come from the foreign genomes in the samples. We attempted to build a global b-tubulin tree with taxonomically broad groups of eukaryotes to identify foreign sequences (supplementary fig. S1 , Supplementary Material online). However, the rhizarian b1 clade is also highly polyphyletic in this global b-tubulin phylogeny, and therefore none of the sequences can be identified as a "contaminant" by this approach. On the other hand, the b2-tubulin phylogeny is consistent with recent multigene phylogenies showing the monophyly of Retaria (Burki et al. 2010; Sierra et al. 2013) . Interestingly, two divergent P. siculus sequences group neither within b1 nor other b2 sequences (supplementary fig. S1 , Supplementary Material online), lack the characteristic substitutions of a foram or radiolarian b2 sequence, and possibly represent yet another variant of b-tubulin. Therefore, it is unclear whether the rhizarian b-tubulin phylogeny supports the hypothesis that forams are derived radiolarians, as that advanced in recent publications (Cavalier-Smith 2003; Moreira et al. 2007; Krabberød et al. 2011; Sierra et al. 2013) .
Both b1 and b2 paralogs are preserved and expressed in Retaria, presumably due to their essential functions. Recent cell biology studies have extended our knowledge of the tubulin superfamily and support the "multi-tubulin hypothesis"-each tubulin isotype, either post-translationally modified or gene-encoded, performs a subset of roles in MT function (McKean et al. 2001) . For example, in the ciliate Tetrahymena thermophila, it has been shown that a family of distinct b-tubulin isotypes was used to construct subsets of functionally different MTs (Pucciarelli et al. 2012) . In this study, by using codon-based likelihood models, we provide molecular evidence for the positive selection in foram and radiolarian b2 lineages, which suggests that the sequence and structure differences of this paralog are required to carry out unique functionality (e.g., MT-HF dynamics) for retarian protists. Negative-stain electron microscopy shows that foram HF is composed of laterally connected a-b heterodimers (Golz and Hauser 1986; Welnhofer and Travis 1998) . Unlike the classical MT disassembly model, which involves lateral dissociation of intact protofilaments, the transition from MT to HF requires the internal longitudinal disassociation of the protofilaments, with the lateral connection between a-b dimers being maintained. Here, we find that for the most favored substitution in foram b2 (at position 184), the Thr hydroxyl in a typical eukaryote is replaced with the Val methyl group ( fig. 2A ). This replacement possibly disrupts the hydrogen bonding that strengthens the longitudinal interaction with the next dimer on the protofilament. We also detected two positively selected substitutions within close contact (i.e., within 5 Å) of neighboring protofilaments (297Asp and 302Ser), which could alter lateral dimer interactions. Because radiolarian b2 contains unique positively selected residues, b2 may be responsible for other essential functions in these protists (e.g., axopodial or rhizopodial motility). Full-length radiolarian a-and b2-tubulin sequences are not available for homology modeling of radiolarian MT structure, thus we could not predict what roles their positively selected residues may play in MT function. We speculate that the most-favored radiolarian substitution, 179Val (in S. punctatum b2 BAK61745), plays a similar role as 184Val does in foram b2, because the Thr in eukaryotic b1-tubulin were replaced with the Val in both cases. Unfortunately, the MT to HF transition has not yet been demonstrated in radiolarians.
In summary, foram and radiolarian b-tubulins have been subjected to neofunctionalization since their duplication before the divergence of Retaria. Compared with the canonical eukaryotic b1-tubulin, the b2 paralog is a synapomorphic feature of Retaria and likely carries out essential functions. In forams, b2 may be responsible for rapid MT assembly/disassembly (Travis and Bowser 1991) , as well as MT protein packaging into a readily transported form, HF paracystals (Koury et al. 1985; Rupp et al. 1986 ). HF formation may allow more rapid extension and retraction of pseudopodial networks, which is a highly advantageous feature of forams that permits exploration and survival in even some "extreme" environments (e.g., polar oceans). Future studies are needed to demonstrate that the MT-HF transition occurs in radiolarians, to confirm and extend the previous observation (Linder et al. 1997 ) that b1 and b2 are co-localized in other retarian MTs, and to determine their stoichiometry. In addition, in situ mutagenesis experiments for the positively selected sites as well as high-resolution cryo-electron microscopy structure determination of MT and HF will help complete our understanding of MT dynamics in retarian protists.
Materials and Methods
Rhizarian b-Tubulin Transcript Sequencing
We recently sequenced the transcriptomes of six forams (Ammonia sp., Brizalina sp., B. marginata, G. turgida, Nonionellina sp., and R. filosa), three species of Acantharea (Amp. elongate, Ast. serrata, P. siculus), one collodarian (Collozoum sp.), and one phaeodarean (Aul. scolymantha). Except for R. filosa, all specimens are unavailable in culture and were collected from the field. Reticulomyxa filosa and G. turgida transcriptomes were sequenced by the Sanger method and the others by 454 Genome Sequencer FLX with GS-FLX Titanium reagents (Roche). Specimen collection, transcriptomic library constructions, and sequence assemblies were described in Sierra et al. (2013) . The new b-tubulin sequences were identified by homology using the BlastX algorithm (Altschul et al. 1990 ) against the transcriptomic sequences.
Phylogenetic Analyses
All rhizarian b-tubulin sequences available in GenBank before 1 January 2013 and the new sequences reported in this study were aligned using MUSCLE (Edgar 2004) . Redundant protein sequences were excluded, whereas their corresponding DNA sequences were used in the codon alignment for the positive selection analyses described later. The alignment contained 112 sequences and 275 amino acid positions. The maximum likelihood (ML) analyses were performed using RAxML v.7.4.2 (Stamatakis 2006 ) with the PROTGAMMALG implementation in multiple inferences and 50 randomized parsimony starting trees. Statistical support was evaluated with the PROTGAMMALG setting 1,000 bootstrap replicates. The ML phylogeny was also constructed using PhyML 3.0 (Guindon et al. 2010) LG model with a gamma-shaped distribution of the substitution rates (G) and a proportion of invariable sites (I), and 10 random starting trees, followed by 100 times bootstrap analyses. This substitution model was chosen based on the BIC criterion in ProtTest 3 (Darriba et al. 2011) . The Bayesian analyses were performed with the WAG + G + I model using MrBayes 3.2 (Ronquist and Huelsenbeck 2003) with one cold and two heated chains for 5,000,000 iterations. Trees were sampled every 500 generations from the last 3,750,000 iterations (well after the chains reached stationarity), and 7,500 trees were used for inferring Bayesian posterior probability.
Detection of Positive Selection in Retarian b2-Tubulin
We used the branch-site model in the program CODEML in PAML4.5 (Yang 2007) to test for positive selection on b2-tubulin in the foreground lineage (forams or radiolarians) versus the background lineage (rhizarian b1). This model allowed ! (dn/ds ratio) to vary among sites and across lineages. Rhizarian b-tubulin codon sequence alignment data set (175 sequences and 825 nucleotides in length) was used. To understand how intra-and interspecific variations contribute to the model results, two smaller data sets containing 118 and 88 sequences were also analyzed, which were generated by reducing the highly similar (mainly intraspecific) sequences at 95% and 90% identity levels, respectively, using the progam CD-HIT (Huang et al. 2010) . The phylogenetic trees used in the analyses were constructed using GARLI 2.0 (Zwickl 2006) under the best-fit ML substitution model GTR + G + I. The alternative model was the implemented model A (model = 2 and NS sites = 2) with ! > 1 estimated (fix_omega = 0 and omega > 1) for certain sites in b2. The null model was model A with ! = 1 fixed (fix_omega = 1 and omega = 1). Two models were compared by LRTs and the significant test statistics indicate that b2-tubulin contains one or more than one positively selected sites. The positively selected sites were suggested by the Naive Empirical Bayes (NEB) and Bayes Empirical Bayes (BEB) analyses implemented in CODEML (Yang et al. 2005 ).
Foram MT Hexamer Homology Modeling
Protein sequences of R. filosa a-and b2-tubulin (CAA65329 and CAA65332) were aligned to bovine a-and b-tubulin using ClustalX (Thompson et al. 1997) , respectively. A homology model of R. filosa a-b2 dimer was generated based on a template bovine a-b dimer structure (PDB ID: 1JFF; Löwe et al. 2001 ) using the program MODELLER (Fiser and Sali 2003) with the DOPE and GA341 energy functions. The modeled dimer structure was then overlaid onto three neighboring dimers in bovine 13-3 MT structure derived from an 8 Å cryo-electron microscopy map (Sui and Downing 2010) to obtain an atomic resolution model for the basic R. filosa MT hexamer. The detailed procedure for generation of the HF tetramer is described in another manuscript (Bassen D, Hou Y, Bowser SS, Banavali NK, in preparation). Briefly, R. filosa HF models were generated from MT using a two center-of-mass coarse-grained description of the a-b2 dimer. An assumption that the orientation of the dimer with respect to the central axis of the MT is maintained in the HF was used along with an intermediate coarse-grained description of the a-b2 dimer to obtain an atomic detail HF model through simple overlay.
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